ABSTRACT
INTRODUCTION
When damage occurs (microcracking, etc.) the effective load-carrying area of the material is reduced. We introduce the concept of an effective stress _4 8 = o/(l-D) to account for this area reduction. The quantity D is the damage variable which ranges from 0 (no damage) to I (development of a macrocrack).
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For simplicity we assume that damage develops independently in the Xl and x 2 directions. expressed in general form as _s where For this orthotropic damage development, the effective stress can be
(6)
We now take the same approach as Chow and Wang xs and use the elastic energy equivalence concept that states that the complementary elastic energy for a damaged material is in the same form as that of an undamaged material except that the stress is replaced by the effective stress in the energy formulation, i.e.,
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The stress-strain equation for a damaged material can be written as or where
Alternatively, we can write (13) where
In the finite element formulation, we may have the material coordinates x 1 and x2 at some angle 0 relative to the global coordinates x and y. We can transform the stresses and strains
through the usual transformation relations to get 
DAMAGE DEVELOPMENT
In the nonlocal damage model, the damage parameters D x and D 2 are assumed to be functions of the nonlocal strains el and e2 defined as
where Ar(x,Y) = _(e-_, n-y) d_ dr I
and a(_-x, rl-y) is a weight function which we have chosen in the form suggested by Bazant, 16 i.e.,
where _ is the characteristic length for the material, and a equals zero if the quantity within brackets becomes negative.
The relationship between the damage parameter and the nonlocal strain is determined from the stress-strain curve. Consider the case ofa uniaxial load Oo in the xl direction. For this case eqn (11) gives
Sincee, is uniform, the nonlocal strain _, is simply equal to e_ for all points except those in a boundary layer around the edges which will be ignored.
Solving eqn (27) for D_ gives
The shape of the stress-strain curve after the initiation of damage (i.e., the relationship between o_ and e t for et > e,a ) determines how D_ is related to e,. This ultimately leads to an explicit mathematical representation for D 1 as
A similar relationship can be found for D2, i.e.,
Equations (21), (23), (24), (29) 
Substituting eqn (21) into eqn (34) gives
We now set
[K] fVm [B] :-'
[K] {U} = {R} 
We found that a value of_ = 0.0] sec "1 for a time step At = 1 sec eliminated the convergence problems and also reproduced results that were within a fraction of a percent of previous static calculations. 
RESULTS

Calculations
with ¢d_ = 0.01101, a_ = 2000, ¢dy = 0.00984, ay = 600, and a characteristic length Q= 0.762 cm.
The stress-strain curve for the y-direction is shown in Fig. 1 . The values for ed_ and Edy came from tensile tests. 2 Measuring the softening properties in a standard tensile test is extremely difficult to do)°Therefore, these values were chosen in an inverse manner to match data from fracture tests described next.
A center-cracked plate under tension as shown in Fig. 2 and when the load reached its peak value and began to decline, the specimen was assumed to fail.
were performed for three different quarter-symmetry meshes as shown in Fig. 3 where MESH 1 is a coarse mesh, MESH 2 is a moderately fine mesh, and MESH 3 is a very fine mesh.
A reflecting algorithm had to be used to correctly calculate nonlocal strains in elements The extent of the damage zone (i.e., material that has passed into the strain-softening regime) was also monitored during the calculation. As expected, the damage zone originated near the crack tip and grew primarily in the horizontal direction away from the tip. The distance from the crack tip to the outer edge of the damage zone as a function of load for three different crack lengths is shown in Fig. 6 . In each case damage does not initiate until the applied load is very close to the failure load. After damage initiates, it grows rapidly. wereEx=56.0Gpa,Ey=46.5Gpa,V_y=0.342, andG_=19.6Gpa. Again,the softeningportions of the stress-strain curveswererepresented by exponential functionswith Cdx=0.0072, ax=20 , e,,y=0.0072, ay=20, and a characteristic length 1_=0.254 cm. The stress-strain curve for the ydirection for this laminate is shown in Fig. 7 . Comparing this to Fig. 1 , we observe that the softening portion of the curve for this laminate is much less steep than that of the 13-ply laminate.
A plot of nominal failure stress versus crack length for the 15-ply laminate is shown in Fig. 8 along with the corresponding experimental results. Again, the theory has performed well in representing the failure load over a wide range of crack lengths. The distance to the outer edge of the damage zone as a function of load for three crack lengths is shown in Fig. 9 . Comparing this to the results in Fig. 6 , we observe that the growth of the damage zone with applied load for this laminate is considerably more gradual than that for the 13-ply laminate. Overall, the 15-ply laminate exhibits less brittle behavior than does the 13-ply laminate as one would expect fi-om the softening portion of their stress-strain curves. 
